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Temporal expressions of cyclins and cyclin dependent kinases during
renal development and compensatory growth. The family of cyclins and
cyclin-dependent kinases (CDKs) are important participants in the regu-
lation of eukaryotic cell cycle. Our purpose was to examine temporal
expressions of cyclins and CDKs during renal development and compen-
satory growth. During embryonic development the mRNA levels of all
cyclins were high, and after birth their levels decreased at different rates.
G2 and M phase cyclins, cyclin A and B, decreased immediately after
birth. Gi and S phase cyclins, cyclins Dl, D2, D3, and E, were observed
during all stages of development and maintained almost constant levels
until seven days after birth. They decreased thereafter and expressed very
low levels during the adult period. The protein levels of cdc2, CDK2, and
proliferating cell nuclear antigen (PCNA) were high during embryonic
renal development and slowly decreased after birth. Their levels were very
low during the youth and adult periods. Levels of CDK4 protein were high
and did not change during renal development. Compensatory hypertro-
phic renal growth (CHRG) induced by unilateral nephrectomy (Unx) did
not increase any cyclins, CDKs or PCNA. Subtotal nephrectomy (Snx) did
not increase any cyclins or CDKs in remaining viable renal tissue (RVRT).
However, Snx increased PCNA in RVRT. An immunohistochemical study
revealed that PCNA was induced in a limited area adjacent to isehemic
areas. Interestingly, Western blot analysis of protein extracts from RVRT
showed the induction of a new 40 kDa protein that cross-reacted with the
cyclin D3 antibody. These findings suggest that the marked reductions in
mitotic cyclins may be associated with the withdrawal of renal cell cycle
after birth. In addition, expressions of cyclins and CDKs did not change in
the adult kidney during active phase of compensatory hypertrophic
growth.
Embryonic renal mass increases predominantly from the pro-
liferation and differentiation of metanephros. Metanephros are
formed by the interaction between ureteric bud cpithelium and
the surrounding nephrogenic mesenchyme [1, 2]. Al the inception
of the rat metanephros on embryonic day 12, the ureteric bud
induces nephrogenic mesenchyme to form the secretory part of
nephrons. Reciprocally, nephrogenic mesenchyme causes the
ureteric bud to branch, thereby forming collecting tubules. Thus,
nephrogenic mesenchyme differentiates into epithelium as a result
of morphogenetic tissue interaction before birth, Postnatal induc-
tion of renal proliferation and differentiation could be of signifi-
cant therapeutic value for renal regeneration. However, molecu-
lar and cellular events underlying mammalian nephrogenesis
including renal cell proliferation and differentiation remain
largely unknown.
A number of cell-cycle related proteins have been identified
and categorized as either cyclins, cyclin dependent kinases
(CDKs) or cyclin dependent kinase inhibitors (CDKIs) [3—51.
Cyclins are a family of proteins whose production oscillates during
the cell cycle. Based on sequence similarities, they are subdivided
into classes A, B, D, and E [3—7]. Cyclins are also classified as Gi
and S phase cyclins, or G2 and mitotie (M) phase cyclins,
depending on the function and protein abundance during the ccli
cycle. Each cyclin requires association with its specific CDK to
regulate the progression of the cell cycle. Several CDKs, including
cde2, CDK2, CDK4, CDK5 and CDK6 have been characterized
with respect to their temporal activation and their cyclin partners
[7, 81. D-type cyclins associate with CDK4 and CDK6, whereas
cyclin E associates with CDK2. Both types of cyclins function in
the GuS phase transition. Cyclin A associates with CDK2 or edc2
and has regulatory effects in the S and G2 phases. yclin B binds
to cdc2 and controls entry into mitosis. Cyelin/CDK function is
regulated by cyclin availability, CDK activating kinases, and the
phosphorylation state of specific serine or threonine residues of
CDKs.
In the present study, we examined the mRNA levels of cell
cyclins and the protein levels of CDKs and PCNA during normal
renal development and compensatory renal growth.
Methods
Experimental animals and sampling
Sprague-Dawley rats were obtained from our breeding colony.
Onset of pregnancy in female rats was determined by vaginal plug.
Pregnant rats were killed at day 15 and 19 by decapitation and
embryos were removed, decapitated, and kidneys were harvested
and stored in liquid nitrogen. Kidneys were removed and collected
in the same manner from animals 1, 7,30, and 150 days after birth.
Separation of renal glomentli and dissection of medullaty tissue
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For separation of renal glomcruli, kidneys were removed from
30 and 150 days old Sprague-Dawley rats after decapitation and
the renal capsule was removed. Cortical tissue was pooled and
placed in ice-cold PBS buffer (pH 7.4), and cut into 8 mm3 pieces.
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The glomeruli were isolated from the pooled cortical tissue by the
modified technique of differential sieving [9]. The tissue was first
passed through a 250 m sieve and resuspended in ice-cold PBS
before centrifugation at 2,000 rpm for 10 minutes at 4°C. The
pellet was resuspended in ice-cold PBS and drawn up through a 20
gauge needle and discharged three times, then centrifuged at
2,000 rpm for 10 minutes at 4°C. The tissue pellet was resus-
pended in ice-cold PBS and passed through a 106 im sieve and
then a 75 j.m seive. Glomeruli were collected on the 75 .tm pore
size sieve and resuspended in ice-cold PBS (purity > 95%). For
sampling of medullary tissue, dissection was performed from the
inner border of the outer medulla to the papillary border of the
inner medulla with a razor blade in the kidneys where the cortex
had been removed. The suspensions of glomeruli or dissected
medullary tissue were then used for RNA isolation. All solutions
were DEPC-treated.
Ur and Star
Sixteen- to 20-week-old male rats were anesthetized with
pentobarbital sodium (30 mg/kg of body wt, i.p.). One group (N =
40) of animals underwent right unilateral nephrectomy (Unx)
while the left kidney was untouched. The second group (N =40)
underwent the same anesthesia and midline abdominal incision,
and had their left kidney gently touched for sham operation. The
third group (N 50) underwent subtotal nephrectomy (Snx),
which was achieved by right Unx and approximately two-thirds
infarction of the left kidney by ligation of two or three extrarenal
branches of the main renal artery [101. One, three, five, and seven
days after the operation, contralateral kidneys from Unx rats, the
remaining viable renal tissue (RVRT) from Snx rats, and left
kidneys from sham-operated rats were harvested, weighed and
stored in liquid nitrogen. Kidneys from two animals in each group
were analyzed for inimunohistochemistry.
RNA isolation and Northern blot analyses
To isolate total RNA, tissues were homogenized with a Poly-
tron homogenizer in 4.0 M guanidinium thiocyanate containing
1% 13-mercaptoethanol, and RNA was purified by centrifugation
in 5.7 M CsCI [11]. RNA samples were quantitated by spectropho-
tometry at 260 nm. For Northern analysis, RNA (15 Lg) was
denatured with glyoxal, separated by size on 1.2% agarose gels,
and transferred to GeneScreen (NEN Research Product, Boston,
MA, USA). Probes were radiolabeled by random primer method
according to the manufacturer's instructions (Prime-a-Gene; Pro-
mega, Madison, WI, USA). Specific activities of probes were
typically 2 to 3 X io dpm/.tg. Hybridizations were performed for
20 hours at 65°C in 4 x SSC, 2 x Denhardt's, 0.1% SDS, and 1
mglml salmon sperm DNA. Blots were washed at 65°C in 2 X
SSC, 0.1% SDS, and signals were visualized by autoradiography at
—70°C for 1 to 10 days with an intensifying screen. In all
experiments, integrity, equivalent loading, and complete transfer
of the RNA samples were established by UV shadowing of the
blot prior to hybridization and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) hybridization. All autoradiographic data
were quantified using densitometry (Prism; Improve Vision, Coy-
etry, UK), and signals were normalized by corresponding
GAPDH signal. Northern blot analysis was performed at least two
times on each RNA sample.
Generation of cDNA probes
Reverse transcriptase-polymerase chain reaction (RT-PCR)
was employed to generate the cDNA probes used in this study.
Oligodeoxynucleotides used for PCR amplification were as
follows. c1yclin A [12]: sense was 5'-ATGCCGGGCACCTC-
GAGGCATITCG (1-24); antisense was 5'-CACTCACACACT-
TAGTGTCTCTGGTGGG (1245-1272). Cyclin B [13]: sense was
5'- CCAAACCTCTGTAGTGAATATGTGA (459-483); antisense
was 5'-AATfl7GAGAAGGGGCAAAATGCACC (977-1001). Cy-
din Dl [14]: sense was 5'-ATGGAACACCAGCTCCTGTGCT-
GCGAAGTG (188-217); antisense was 5'-TCAGATGTCCA-
CATCTCGCACGTCGGTGG (1046-1075). Cyclin D2 [151: sense
was 5'-GCTATGGAGCTGCTGTGCTGCGAGGTGGAC (-3 to
27); antisense was 5 '-TCCTCACAGGTCAACATCCCGCAC-
GTCTGT (844—873). Cyclin D3 [16]: sense was 5'-ATGGAGCT-
GCTGTGTFGCGAAGGCACCCGG (1-30); antisense was 5'-
CTACAGGTGTATGGCTGTGAATcTGTAGG (850-879).
Cyclin E [17]: sense was 5'-GGATGAAATflTCTTACCATGG (701-
720); antisense was 5 '-GAGGAGGAGAAATTCCTATTC (1181-
1200). Aliquots of the reverse transcriptase-polymerase chain reac-
tion-amplified cDNAs were subcloned with TA vector cloning system
(In Vitrogen, San Diego, CA, USA) according to the manufacturer's
protocol. Identity of each cDNA probe was confirmed by sequence
analysis. The c-fos cDNA probe was generously provided by Dr.
Loren Field (Indiana University, Indianapolis, IN, USA).
Western blot
Kidney samples were immediately frozen with liquid nitrogen
and stored at —70°C. Samples were homogenized in Nonidet P-40
buffer [150 mivi NaCl, 5 mrvi EDTA, 50 mrvi Tris-HCI (pH 8.0), 1
,Lsg/ml aprotinin, 1 jLg/ml pepstatin, 1 .tg/ml leupeptin, 50 .tg/ml
1-chloro-3-tosylamido-7-amino-2-heptanone, 50 .tg/ml phenyl-
methylsulfonyl fluoride, 100 jag/ml L-1 -tosylamino-2-phenylethyl
chloromethyl ketone, 20 m sodium fluoride, 20 m'vi -glycero-
phosphate, 1% vol/vol Nonidet P-40]. Lysate protein was quanti-
tated using a Bradford assay (Bio-Rad, Hercules, CA, USA) with
bovine serum albumin as a reference standard. Samples were
boiled with 2 x sample buffer for 10 minutes, separated by size on
12.5% polyacrylamide gel under sodium dodecyl sulfate (SDS)
denaturing conditions, and electrotransferred to nitrocellulose
membrane. The nitrocellulose membranes were stained with 0.1%
naphthol blue black (Amido black) in 10% vol/vol acetic acid, and
40% vol/vol methanol to assess the efficiency of transfer. Nonspe-
cific binding was blocked by incubation in block buffer (5%
non-fat dry milk, 3% bovine serum albumin, 0.1% Tween 20, 1 X
PBS) for one hour at room temperature. Anti-cyclin Dl mono-
clonal antibody (72—13G), anti-cyclin D3 polyclonal antibody
(C-16), anti-cdc2 polyclonal antibody (pSTAIE), anti-CDK2 poly-
clonal antibody (M2), anti-CDK4 polyclonal antibody (C22), and
anti-PCNA monoclonal antibody (PC1O) were used for each blot.
All antibodies were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). Signals were visualized by the ECL
detection method according to the manufacturer's protocol (Am-
ersham mt. plc, Buckinghamshire, UK), and quantified using
densitometry.
Immunohistology
For paraffin sections, blood was removed from kidney using
systemic retrograde perfusion via abdominal aorta with hepariri-
zed physiologic saline and kidneys were fixed in 10% neutral
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Fig. 1. Northern blot analysis of gene expressions
of cyclin during normal renal development (A, B).
Parallel blots with total RNA (20 rg) from
various developmental stages of renal tissue
preparations were examined. yclin A, B, Dl,
D2, D3, E, and glyceraldehyde 3-phosphate
dehydrogenase are indicated by A, B, Dl, D2,
D3, E, GAPDH, respectively. Embryonic
kidneys were from day 15 (E15) and 19 (E19)
of development, neonatal kidneys were from
day 1 (NI), day 7 (N7) and day 30 (N30) old
pups. Adult kidneys (AD) were from 5-month-
old animals. Each blot was hybridized with a
GAPDH probe to verify equal loading of RNA.
Results were similar from two or three
experiments.
buffered formalin, dehydrated through graded alcohols, and infil-
trated with paraffin under standard procedures. Tissue blocks
were sectioned at 10 jxm. Deparaffinized sections were hydrated,
permeabilized in 0.1% Triton X-100, and blocked with phosphate
buffered saline containing 10% goat serum. Sections were incu-
bated with anti-PCNA antibody (PC-0) at 4°C overnight, and
signals were developed with an avidin-biotin-peroxidase system
(Vecstatin ABC kit; Vector Lab. Inc., Burlingame, CA, USA)
with diaminobenzidine (0.01%) as a chromogen. Sections were
counterstained with Meyer's hematoxylin.
Results
Northern and Western blot analyses were employed to monitor
temporal expression of cell cyclins and CDKs during renal devel-
opment. Two sizes of cyclin A transcripts (4.8 kb and 2.4 kh) were
detectable during embryonic renal development and decreased
markedly one day after birth (Figs. IA and 2). Two sizes of cyclin
A transcripts were visible due to alternative polyadenylation
signals [18]. Both cyclin A transcripts disappeared by seven days
after birth and were not detectable in adult kidneys. Pattern of
cyclin B mRNA expression was similar to that of cyclin A (Figs.
1A and 2). Two sizes of cyclin B transcripts (2.4 Kb and 1.6 Kb)
were expressed during renal development, markedly decreased
after birth, and were not detectable from seven days after birth to
adulthood (Figs. 1A and 2). The mRNA levels of the 01 cyclins,
Dl, D2, D3 and E, were high throughout embryonic renal
development (E15 and E19), and decreased over time at different
rates. The level of cyclin Dl did not change throughout renal
development and maintained almost the same until 30 days after
E
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Fig. 2. Densitometric analysis of signals of cyclins during normal renal devel-
opment. From Northern blot results, signal were normalized by corresponding
GAPDH signals. Density of each embryonic 15 days cyclin is presented as I.
Data are presented as mean value of arbituary ratios from two or three results
of each experiment. Each line of A, B, Dl, D2, D3, and F indicates changes
of relative density of cyclins A, B, Dl, D2, D3, and E. The legends of each
developmental stage are the same as in Figure 1.
birth (Figs. I B and 2). The levels of cyclin D2, D3 and E mRNAs
decreased slowly until seven days after birth. Then their levels
decreased gradually during adulthood (Figs. lB and 2). We
determined which renal compartment contributed to the detect-
able levels of cyclin Dl, D2, and D3 in 30-day-old and adult rat
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Fig. 3. Northern blot analysis of gene expressions of eye/ins Dl, D2, and D3
in total kidney, glorneruli, and medullaiy tissue in 30-day-old rats. Total
RNA (30 jzg) from total kidney (TK), glomeruli (G) and medullaiy tissue
(MT) in 30-day-old normal rats were extracted. Cyclin Dl, D2, and D3 are
indicated by DI, D2, and D3, respectively. The method for isolation of
glomeruli and tubules from total kidneys were described in the Methods
section. Each blot was hybridized with a GAPDH probe to verify equal
loading of RNA in each lane. Results were similar from three experiments.
kidneys. Both glomeruli and medullary tissue of 30-day-old kid-
neys expressed similar levels of cyclin Dl, D2, and D3 (Fig. 3).
However, in adult kidney, expressions of cyclin Dl, D2, and D3
were barely detectable in both glomeruli and medullary tissue
(data not shown). We further examined the translational protein
in total kidney lysates by Western blots (Fig. 4). Anti-cyclin Dl
antibody recognized two cyclin Dl bands that indicated phosphor-
ylation status. Interestingly, the functionally active phosphory-
lated form of cyclin Dl disappeared at 30 days after birth, while
the inactive dephosphorylated form remained. The protein level
of cyclin Dl was inconsistent with the transcriptional level in adult
rats (Figs. lB and 4). Cyclin Dl protein was not detectable during
adulthood. However, the protein level of cyclin D3 was consistent
with the transcriptional level during renal development and
adulthood (Figs. lB and 4).
The protein levels of cdc2 and CDK2 decreased during embry-
onic development and decreased gradually after birth. However,
no marked change of CDK4 protein level occurred before or after
birth in the kidney. The level of PCNA protein in kidneys was
consistent throughout the embryonic period until seven days after
birth, but then gradually decreased until adulthood (Fig. 4).
The levels of cyclin and CDK expressions were examined in
kidneys undergoing compensatory hypertrophic renal growth
(CHRG) at seven days after Unx and in RVRT at seven days after
Snx. Unx increased weight of the contralateral kidney up to 25%
at seven days after Unx (Table 1). However, Unx did not increase
any of the cyclins or CDKs at seven days after operation (Figs. 5
and 6). We further examined earlier times during the active phase
of CHRG after Unx. There were no changes of cyclins or CDKs
in CHRG at these times (Figs. 7 and 8). lmmunohistochemistry of
PCNA was performed to determine mitotic activity in medullary
tubule cells (Fig. 9). The ratio of PCNA positively stained nuclei
to total nuclei per each section of renal tubules indicated the
w w Z Z Z
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Fig. 4. Western blot analysis of protein levels of cyclin Dl, eye/in D3, CDKs
and PCNA. Parallel blots with total lysate protein (50 jrg) from renal
tissues of the same developmental stages as Figure 1 were examined. The
antibodies used for each blot were described in the Methods section.
Results were similar from three experiments.
mitotic index (MI). The number of medullary tubule nuclei
counted per sample was between 2,500 and 3,200. The MI of
sham-operated control adult kidney was less than 0.5%, whereas
the MI of CHRG increased from 0.4 to 0.8, 2.5, 2.4, and 1.8% at
0, 1, 3, 5, and 7 days after Unx, respectively. The RVRT after Srix
is associated with the transcriptional induction of the so-called
immediate early genes, many of which are proto-oncogenes [19,
20]. To validate immediate early gene transcriptional induction, a
Northern blot was probed for the expression of e-fos (Fig. 5A).
Snx markedly increased c-fos transcript level in RVRT at seven
days. Snx did not increase cyclin or CDK expressions in RVRT
(Figs. 5 and 6). Interestingly, Western blot analysis on protein
extracts from RVRT showed the induction of a new 40 kDa
protein that cross-reacted with the cyclin D3 antibody. Moreover,
a slight increase in the protein levels of CDK2 and PCNA were
observed in RVRT after Snx, but not in CHRG after Unx.
Immunopositive PCNA staining was increased in RVRT, but
limited to areas adjacent to the border between viable and
necrotic areas (Fig. 9). There were no changes of cyclin or CDK
expressions at one, three, and five days after Snx in RVRT (data
not shown).
Discussion
The extraordinary structural and functional complexity of the
mammalian nephron is reflected in the tightly coordinated series
of events that lead to its development. To clarii' the critical events
of mammalian nephrogenesis, many investigators have studied
detailed microscopic characteristics of ncphrogenesis and meta-
nephric organ culture [1, 21. However, a precise understanding of
the molecular and cellular events underlying nephrogenesis re-
mains to be elucidated. Here, we describe the temporal expres-
sions of cyclins and CDKs during renal development and com-
pared their relevance with previous studies [1, 2, 21, 22J. G2 and
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Table 1. Weights of compensatory hypertrophic kidneys after unilateral nephrectomy and remained kidneys after 5/6 subtotal nephrectomy
0 1 3 5 7
days
Fig. 5. Northern blot analysis of gene expressions of cyclins on CHRG after
Unx and on RI7RT after Snx (A and B). Total RNA (20 xg) was isolated
from day 15 embiyonic kidneys (E15), sham operated kidneys (Sham),
CHRG one week after Unx, and RVRT one week after Snx (Methods
section). Legends regarding cyclins are the same as in Figure 1. Each blot
was hybridized with a GAPDH probe to verify equal loading of RNA in
each lane. Results were similar from two experiments.
M phase cyclins, cyclin A and B, were present in embryonic and
early neonatal kidneys (Ni) and they were not detected in late
neonatal and adult kidneys. In contrast, Gi and S phase cyclins,
cyclin Dl, D2, D3, and E, were present during all periods, though
their levels decreased gradually after birth. The change in the
expressional pattern of Gi and S phase cyclins was not as dramatic
as the change of G2 and M phase cyclins during renal develop-
ment. Further experiments are needed to dissect spatial expres-
sions of cyclins and CDKs. Recently, we (unpublished observa-
tion) and others [231 have found that disappearance of G2 and M
phase cyclins was correlated with a withdrawal of cardiomyocytes
from the cell cycle in human and rat hearts. Thus, complete loss
of G2 and M phase cyclins in kidney during early neonatal period
may be responsible for the withdrawal of renal cells from mitosis.
In fact, in the laboratory rat, nephrogenesis ends by the postnatal
day 8 and terminal differentiation is largely achieved by postnatal
Fig. 6. Western blot analysis of protein levels of cyclin Dl, cyclin D3, CDKc
and PCNA on CHRG after Un.r and on RVRT after Snx. Total lysate
proteins (50 rg) were isolated from the same animals as in Figure 4. The
antibodies used for each blot are described in the Methods section.
Results were similar from two experiments.
day 15 [221. Our results fit with this developmental process in that
disappearance of G2 and M phase cyclins was concomitant with
withdrawal of renal cells from the cell cycle.
Renal development involves reciprocal induction between the
ureteric bud and undifferentiated metancphric hiastema. At this
time, appearance of growth factor ligands and receptors affect
tubulogenesis, glomerulogenesis, and vasculogenesis of the kidney
[22, 241. However, molecular events that regulate renal cell cycle
and terminal differentiation downstream from growth factor
induction remain largely unknown. D-type cyclins are synthesized
as long as growth factor stimulation persists. During the cell cycle,
D-type cyclins exhibit only moderate oscillations in levels that
peak near the G1-S transition [3—7], However, they are rapidly
degraded when growth factors or mitogens are withdrawn, regard-
less of the position of the cell in the cell cycle. Growth factors
affect adult kidneys in an autocrinc or paraerine manner [25, 26]
and may induce relatively constant D-type cyclins. In our study,
both glomeruli and medullary tissue contributed to detectable
0.88 0.04
0.89 0.02
6
0
0.85 0.03
0.86 0.04
6
After Unx
CKW 0.95 0.04 1.07 0.02" 1.12 0.04" 1.10 0.01"
1KW 0.92 0.03 0.85 0.04 0.88 0.03 0.88 0.04
No. of rats 6 8 8 8
After Snx I
RKW 0.96 0.04 1.25 0.07" 1.37 0.08" 1.37 0.06k'
1KW 0.90 0.02 0.89 0.05 0.92 0.03 0.91 0.02
No.ofrats 6 8 8 8
Abbreviations are: Unx, unilateral nephrectomy;
kidney weight; RKW, remaining kidney weight. Values
P < 0.01 CKW vs. 1KW or RKW vs. 1KW
Snx, subtotal nephrectomy; CKW, compensatory hypertrophic kidney weight;
are mean su. Significance was determined by paired Student's t-test.
1KW, initial right
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Fig. 8. Western blot analysis of protein levels of cyclin Dl, cyclin D3, CDKs
and PCNA during active CHRG after Unx. Total lysate proteins (50 jig)
were isolated from same animals as in Figure 7. The antibodies used for
each blot are described in the Methods section. Results were similar from
two experiments.
D3
E
GAPDH
Fig. 7. A and B. Northern blot analysis of gene expressions of cyclins
during active CHRG after Unx. Total RNA (20 jig) was isolated from day
15 embryonic kidneys (E15), sham operated kidneys (Sham), and CHRG
1, 3, 5, and 7 days after Unx (Methods section). Legends regarding cyclins
arc thc same as Figure 1. Each blot was hybridized with a GAPDH probe
to verify equal loading of RNA in each lane. Rcsults were similar from two
experiments.
levels of D-type cyclins expressions. However, we do not know the
significance of D-type cyclins expression in the young or adult
kidney. Interestingly, the mRNA transcript and protein of cyclin
Dl had different turnover rates in adult kidneys, but this differ-
ence was not observed in embryonic or neonatal kidneys. A
similar pattern was also observed in neuronal cells [271 and heart
(unpublished observation) during development.
To regulate the cell cycle, each cyclin must bind to a specific
CDK [5, 8]. The protein levels of CDKs were high during
embryonic renal development and maintained almost constant
levels until seven days after birth. Thus, CDKs may influence
nephrogenesis. The levels of cdc2 and CDK2 decreased markedly
in the late neonatal period, whereas, level of CDK4 did not
change. This constant level of CDK4 may influence terminal
differentiation of renal cells. Interestingly, others reported that
CDK5 is predominantly expressed in neuron, maintained same
level of protein [28]. They suggested that it could involve neuronal
differentiation rather than promotion of cell cycle. Further exper-
iments are needed to clarify these questions.
Concerning cell proliferation, a population of cells can be
divided into three groups [291. Some cells divide continuously,
going from mitosis through the Gi (resting) phase of the cell
cycle, the S (DNA synthesis) phase, the G2 phase, and then to
another mitosis. Bone marrow cells, intestinal epithelial cells, and
germ cells are examples. Another type of cells leave the cell cycle
after few divisions and differentiate, never to divide again. Mature
granulocytes, cardiomyocytes, and neuronal cells are such termi-
nally differentiated cells. Some cells temporarily leave the cell
cycle and remain reproductively dormant (in the Go phase)
although they still perform thier differentiated functions. These
cells can be induced to re-enter the cell cycle by an appropriate
environmental signal. This describes the state of epithelial cells of
renal tubules. Under normal conditions, Prescott has shown that
nearly 2 x 106 tubular epithelial cells, about one cell per human
nephron, slough into the urine each day [30]. Some proliferation,
therefore, is required under normal circumstances to replace the
lost cells and to maintain structural integrity of the kidney. In fact,
adult renal cells have low mitotic index (less than 0.5%) in vivo
[211, although the set point can be shifted when regeneration after
injury is required [19, 21, 31]. It is generally accepted that 75% of
CHRG after Unx results from renal cell hypertrophy, whereas
25% results from hyperplasia [321. However, our data based on
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Fig. 9. Immunohistologic analysis of PCNA in
the sham-operated controls, CHRG after Unx,
and the remaining kidney after Snx. Note that
the nuclei expressing PCNA protein appeared
as intensely dark-brown stained nuclei among a
background of lighter hematoxylin-stained
nuclei (arrow). A. Kidney sections from three
days after sham-operation. Less than 0.5% of
tubule cells showed PCNA immunopositive
nuclei. B. Kidney sections from CT-IRG three
days after Unx. The highest level of PCNA
immunopositive nuclei was detected in tubule
cells of CHRG (2.5%) during the active phase
of growth. C. Kidney sections from remaining
kidney after Snx. PCNA immunopositive
reactions were markedly increased only in areas
adjacent to ischemic areas. Panels were
photographed at X400. Reproduction of this
figure in color was made possible by Boryung
Pharmaceutical Co., Seoul, Korea.
PCNA immunopositive staining demonstrated that mitotic index
(Results) is less than 3% in renal tubules of CHRG during the
active phase of growth. This may explain the observation that
CHRG after Unx did not increase cyclins or CDKs at any time
point during the active phase of compensatory hypertrophy.
More extensive renal ablation, such as Snx, causes a greater
mitogenic response in renal tubule cells [33, 34]. Researchers
[19, 20] have demonstrated that renal hypertrophy and hyper-
plasia are intrinsically different phenomena regulated by dis-
tinct gene activations. For example, protooncogene expression
increases in conditions with marked hyperplasia, such as Snx,
folic acid-induced nephropathy, or renal ischemia, whereas, it
remains undetecable after Unx [19, 20]. We observed a similar
temporal pattern of c-fos mRNA induction. The c-fos transcript
increased markedly in RVRT after Snx, but not in CHRG after
Unx. Neither cyclins nor CDKs were subject to significant
induction in RVRT after Snx even though there was an
induction of c-fos and PCNA. The induction of PCNA resulted
from limited areas adjacent to the injured area in RVRT. A
subtle change of cyclins or CDKs may have occured in the area
positively PCNA stained but was undetectable by Northern or
Western blot analysis. At present, we do not know the identity
of 40 kDa protein that cross reacted with the cyclin D3
antibody in RVRT after Snx. This protein is an unknown
inducible molecule that may share homology with cyclin D3.
In summary, during renal development, the temporal expres-
sion patterns of the various cyclins and CDKs dynamically
changed concomitantly with changes in renal cell cycle. The
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cyclins and CDKs were highly expressed during embryonic renal
development in rats, and they decreased at different rates after
birth. Particularly, the marked reduction of mitotic cyclins, cyclin
A and B, may be responsible for withdrawal of renal cell cycle
immediately after birth.
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